INTRODUCTION
Epoxy is a common matrix material in fibrous composites and is frequently used with: kevlar, glass, carbon, and boron fibers. Composite materials with an epoxy matrix are processed in an autoclave which applies temperature and pressure to the part during cure. Temperature and pressure facilitate the crosslinking of epoxide groups which react with amine groups present in the epoxy resin. Current methods of hardening fiber/epoxy composites utilize predetermined values of temperature and pressure in the cure cycle. These values are specified by the manufacturer and do not account for batch to batch variations in the epoxy resin which affect the cure. Possible variations in the epoxy resin include: chemical composition, water content, resin fiber content, temperature history, and humidity [1] .
A proposed method to reduce the effect of batch to batch variations on fmal part quality is to control the temperature and pressure of each part rather than using predetermined cure parameters for all parts. Such a 'smart' processing scheme would require the measurement of epoxy properties (elastic moduli, viscosity, etc.) during cure. These properties once determined, would allow for process control by serving as an input to the system controlling the cure process. To implement such a scheme, a technique is required to monitor the epoxy material properties during cure.
Numerous researchers have investigated the curing of epoxy using ultrasound [2] [3] [4] [5] . As the epoxy hardens from a viscous liquid into a glassy solid measurable changes occur in the ultrasonic velocity and attenuation. These changes can be related to material property variations which occur during the cure [2] , and to the degree of cure [4] . All ofthe referenced work [2] [3] [4] [5] used piezoelectric (PZT) transducers for the generation and detection of ultrasound. Piezoelectric transducers are a commercially available and proven technology with widespread use in nondestructive evaluation (NDE) applications. However, there are a number of limitations associated with PZT transducers which can be overcome using a more recent sensing technology, namely, fiber optic sensors. Fiber optic sensors offer the advantages of: small size, light weight, immunity from electromagnetic interference (EMI), the ability to be integrated into composite materials, and the ability to operate at high temperatures (up to 1000 oc) [6] . Piezoelectric transducers on the other hand are: often bulky, susceptible to EMI, not easily embedded in composite materials, and only functional up to 50 0 C. The temperature limitation of piezoelectric transducers is particularly relevant to the cure monitoring of epoxy since during cure temperatures can reach 180 0c. This necessitates that special measures be taken to insulate PZT transducers when using them for cure monitoring. Previous work using fiber optic ultrasound sensors to monitor the curing of epoxy has been performed by Davis et al. [7] , and Ohn et al. [8] . In these papers a single PZT generator was used together with a fiber optic receiver to measure the time delay of an ultrasonic signal as it travels from the generator to the receiver. This measurement is influenced by sensor characteristics, such as variations in the delay line velocity and length. Consequently, a comparison can not be made between different parts with different sensor configurations undergoing different cure cycles. An input to a process control scheme must be an independent material measurement.
In this paper we utilize a frequency stabilized embedded fiber sensor to measure the ultrasonic attenuation and velocity during the curing of epoxy. Both of these parameters are material characteristics independent of the sensor configuration. The sensor we have used to detect ultrasound is a local Fabry-Perot interferometer, which is stabilized by tuning the laser frequency. Such a sensor has the ability to monitor the local state of cure in a composite material, and when used with laser generated ultrasound can eliminate the need for a piezoelectric transducer. Additionally, an embedded fiber ultrasound sensor can be used for in-service monitoring of the composite part, providing information about defects and material degradation throughout the life of the structure.
FREQUENCY STABILIZED INTRINSIC FABRY-PEROT SENSOR
The sensor we use is an inttinsic fiber optic Fabry-Perot (FOFP). The FOFP is fabricated by fusion splicing a section of fiber with an end face partial mirror to a short fiber length (-lcm) with a mirror of similar reflectivity, as shown in Figure I [9] . The mirrors are formed by depositing a multilayer coating of Hafnium Oxide onto the fiber end face. The reflected intensity from the local fiber interferometer is sinusoidal when the sensing region undergoes a linear phase shift. This is shown in Figure 2 , where the reflected intensity of the interferometer was monitored as the phase of the light in the sensing region was changed. It should be noted that phase shifts in the sensing region can be induced by modulating the length and refractive index of the sensor along with the frequency of the light traveling in the fiber.
Referring to Figure 2 , it is seen that for large phase shifts the reflected intensity oscillates through a number of peaks. However, for small phase shifts only local oscillations about a point will occur. Because the displacements associated with ultrasound are small (1-50 nm) [10] relative to the wavelength of light being used (780 nm) we expect only local oscillations about a point on the response curve. It is desirable to detect small phase shifts along the linear portion of the response curve, which is the section between a maximum and a minimum. This is known as quadrature and gives the largest change in intensity for a given phase shift. Additionally, maintaining the quadrature point insures the instrument is at the same sensitivity for all detected signals.
In order to maintain the quadrature point in the presence of low frequency mechanical and thermal strains we have implemented an active homodyne stabilization scheme. Typically, fiber interferometers are stabilized through the use of a piezoelectric fiber stretcher which controls the phase shift in a reference fiber to maintain quadrature [11] . However, the gauge length of our sensor is embedded which prohibits access to a fiber stretcher. Consequently, we have used a tunable laser source which maintains the quadrature point by tuning the laser frequency [12] . Light from an external cavity diode laser (New Focus at 780 nm) passes through an optical isolator and is focused into a single mode optical fiber using a lens. A 2x2 fiber optic coupler is used to direct a portion of the light toward the FOFP while the remaining output fiber is terminated in index matching gel as shown in Figure 3 . Light reflected back from the sensor is directed toward an avalanche photodiode (APD) using a fiber collimator. The APD detects both the low frequency intensity variations associated with drift of the sensor along with high frequency intensity changes induced by the incident ultrasound. Low frequency drifts (DC-500 Hz) are input to the control loop to stabilize the sensor, while the ultrasonic signals are filtered and viewed on an oscilloscope.
The control loop consists of a simple integral controller containing a reference voltage, a differential amplifier, and an integrator. The reference voltage represents the interferometer quadrature point which is compared to low frequency drifts of the sensor using a differential amplifier. The output of the differential amplifier indicates how much the embedded fiber sensor is out of quadrature. This signal is passed through an op-amp integrator, which determines the control loop frequency response. Once the embedded fiber sensor is forced out of quadrature, the control loop changes the laser frequency by an appropriate amount to maintain quadrature. It should be noted that the continuous tuning range of the laser is 60 GHz. Consequently, for a 1 cm sensing region our control loop can compensate for about six fringes in one direction before the laser tuning range is reached. In order to overcome the tuning range limitations we have incorporated an automatic switch which resets the integrator once the laser tuning range is exceeded. This causes the control loop to restabilize on a new fringe.
Stabilization is required when using a fiber interferometer to monitor the curing of epoxy because the reaction is exothermic. Temperatures up to 130 OC can be reached even when the epoxy is allowed to harden at room temperature and no pressure is applied. It should be noted that all of the measurements made in this paper monitored a neat resin curing at room temperature with no pressure applied. The effect of temperature and strains produced during the cure of a neat resin can be seen in Figure 4 , where the intensity from the embedded FOFP was monitored during cure with and without stabilization. It can be seen in Figure 4 that without stabilization the epoxy cure forces the embedded interferometer through a number of fringes. However, with stabilization the quadrature point is maintained. The need for an automatic switch to reset the integrator is shown in Figure 5 , where the reflected intensity was monitored as a heat gun was place over the FOFP embedded in a solid plate. The heat gun induced drifts large enough to exceed the laser tuning range. Once the tuning limit of the laser was reached the switch automatically reset the integrator causing the interferometer to stabilize on a new fringe. This occurs three times in Figure 5 
ULTRASONIC CURE MONITORING
The curing of epoxy was ultrasonically monitored with the setup shown in Figure 6 . Two aluminum plates were separated by 0.5" which fonned the mold into which the epoxy resin was poured. A piezoelectric transducer was separated from the epoxy using a high temperature delay line, whose purpose was to insulate the transducer from the high temperatures produced during cure. Ultrasonic pulses with a bandwidth around 1 MHz were generated by applying a voltage spike from an ultrasonic pulser (Panametrics model 5055 PR) to the transducer. The generated longitudinal wave traveled through the delay line and into the curing epoxy, where the initial arrival and fIrst reflection from the mold back surface were detected using the embedded fIber sensor. A typicaT ultrasonic pulse acquired at 160 minutes into the cure is shown in Figure 7 . where the initial arrival and fIrst reflection can be easily distinguished. Measurements of ultrasonic attenuation and velocity during the cure were perfonned by respectively comparing the amplitudes and time delays of the initial arrival and first reflection. A more detailed description of the measurement follows. Velocity measurements were made by performing a cross-correlation between the two pulses detected at specified times in the cure. This calculation provided a time delay in the epoxy which could be used to calculate a velocity as follows:
where Yep is the longitudinal velocity in epoxy; d is the distance between the fiber and the back surface of the mold; and t is the time delay. The distance between the fiber and the back surface of the mold was measured ultrasonically after the part was cured.
In order to measure attenuation it was necessary to extract the epoxy response from the entire system response contained in the detected ultrasound. This was accomplished through a process of deconvolution. If the spectrum magnitude of the first reflection is divided by the spectrum magnitUde of the initial arrival the following expression results: (2) where S2 is the spectrum magnitude of the reflection; S 1 is the spectrum magnitude of the initial arrival; a is the epoxy attenuation in nepers/cm; and R is the reflection factor from the epoxy/aluminum interface. The spectrum magnitudes of the initial arrival and first reflection were calculated using a fast fourier transform. By dividing the reflected spectrum by the incident spectrum it was possible to eliminate the transducer response, the couplant response, delay line attenuation, transmission into the epoxy, and the fiber response. The only remaining term is the reflection from the epoxy/aluminum interface. This was calculated using the following expression for the reflection from an interface between two elastic half spaces:
where Pal is the density of aluminum; Val is longitudinal wave speed in aluminum; Pep is the density of epoxy; and Yep is the longitudinal wave speed in epoxy. The density of aluminum, longitudinal wavespeed in aluminum, and density of epoxy are all known quantities which we assumed to be constant during cure. The remaining term in equation (3), the longitudinal epoxy wavespeed, was obtained from the measurement made using equation (1) . Strictly speaking equation (3) is not valid for an interface between a viscoelastic and an elastic half-space. However, in applying the approximation we have referenced a thesis which concluded that the effect of viscoelasticity on the half-space reflection factor is small enough to be ignored when considering an epoxy/aluminum interface [13] . Consequently, the attenuation of the epoxy is given by the expression: (4) where ex is attenuation in dB/cm. The experimental procedure consisted of mixing the epoxy resin (Dow D .E.R. 331) with a curing agent (Dow D.E.H. 24) for four minutes before pouring the mixture into the aluminum mold. A timer was started once the curing agent was poured into the resin and an ultrasonic measurement was acquired every five to ten minutes thereafter. Each ultrasonic measurement was averaged 500 times to improve the signal to noise ratio. Once the epoxy hardened, approximately 3 hours later, the data acquired throughout the experiment was processed to obtain velocity and attenuation as previously described.
RESULTS AND DISCUSSION
Shown in Figure 8 is the ultrasonic velocity and attenuation measured during the epoxy cure. It can be seen from this figure that the ultrasonic velocity is 1650 rnIs at the beginning of the cure and increases up to 2525 rnIs once the epoxy has hardened. Also shown in Figure 8 is the ultrasonic attenuation which has an initial value of 3 dB/cm, increases up to 16 dB/cm in the middle of the cure, and decreases to a final value of 2 dB/cm at the end of the cure. To investigate the repeatability of the experiment, numerous measurements of the velocity and attenuation were made using the same epoxy/hardener combination. These results are displayed in Figure 9 .
The shape of these curves has been qualitatively explained by Winfree [3] using a simple viscoelastic model with a single relaxation time to characterize the epoxy during cure. In Winfree's paper the increase in longitudinal velocity was attributed to increases in the bulk and shear modulus which result as the epoxy changes from a viscoelastic liquid to a glassy solid. The peak: in the attenuation curve was explained by considering that the relaxation time for a simple polymer chain is proportional to the length of the chain. Consequently, as the cure progresses the length of the chain increases which results in an increase in the relaxation time. The viscoelastic model with a single relaxation time predicts a peak: in the attenuation curve when the relaxation time is the inverse of the ultrasonic circular frequency used to interrogate the epoxy. This is consistent with the attenuation measurement shown in Figure  8 which has a peak: at 80 minutes into the cure. The velocity and attenuation displayed in Figure 8 exhibit trends similar to ultrasonic measurements made by other authors [2] [3] [4] [5] . 
CONCLUSIONS
In this paper we have measured the ultrasonic attenuation and longitudinal velocity of a neat epoxy resin during cure using an embedded fiber optic sensor. The local fiber interferometer was maintained at quadrature using a homodyne stabilization scheme which modulated the laser frequency. An automatic reset switch was incorporated into the control loop which allowed the interferometer to quickly restabilize on a new fringe once the laser tuning range was reached. Stabilizing the fiber sensor allowed the acquisition of ultrasonic signals at specified intervals throughout the cure from which the velocity and attenuation were calculated. The resulting velocity and attenuation measured during the cure show good agreement with similar measurements made by other authors.
